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Astragalus oniciformis Barneby is a xerophyte of the sagebrush deserts of central
Idaho. It isanarrow endemic of the upper Snake River Plains where it inhabits
stabilized, aeolian sand deposits over Quaternary basdlt flows. The objective of this
sudy wasto determine the levels and ditribution of genetic differentiation within and
among populations of Astragalus oniciformis. Ffteen individuas from each of eight
populations, chosen from throughout the range of the species, were sdected for their
accessihility, dendty of individuds, and large population Sze.  Two digunct eastern
populations sdlected for this study have been separated from the continuous western
populations for 3600 years by an eight-mile wide, inhospitable lavaflow. Inter-smple
sequence repests (1SSR) were chosen as the marker to assess genetic differentiation.
Two primers were selected that yielded 40 loci, dl of which were polymorphicin A.
oniciformis. In an analysis of molecular variance (AMOVA), 88.69 percent of the
variation was sgnificantly attributed to variation within populations. The differentiation
between the two digunct populations and the western populations was inggnificant. High
geneflow (Nm = 3.91-3.93) and alow percent deviation from Hardy-Weinberg
equilibrium due to population subdivison (G = 0.113-0.1134) were found among
populationsof A. oniciformis. These results suggest that current threats to this species,
ranging from plant community changes due to changing fire patterns, habitet ateration
from livestock grazing, and habitat loss from agriculturd development have not yet



affected the genetic diverdty of this gpecies.  Presarvation of the numerous, large
populations and the high gene flow will help insure that the levels of genetic diversty found

in Astragalus oniciformis will not decrease.
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Genetic Diversity of Populations of Astragalus oniciformisusing
Inter-Simple Sequence Repeat (ISSR) Markers

INTRODUCTION

Astragal us oniciformis Barneby (Fabaceae) was first collected by Ripley and
Barneby in 1947 in the foothills of the Sawtooth Range on the eastern edge of the town of
Picabo, Idaho (Barneby, 1964). For thirty years, this single site remained the only known
occurrence of this species. In the seventies and later in the early elghties, Shoshone Didtrict
Bureau of Land Management (BLM) employees completed surveys that identified few
additiona populations. The first comprehensive survey was completed in 1984 by
Packard and Smithman (M osdaley and Popovich, 1995). Populationsof A. oniciformis
were reinvestigated in 1994 and 1995 by Mosdley and Popovich. Their report, The
Conservation Satus of Picabo Milkvetch (Astragalus oniciformis Barneby), remans
the most comprehensive inventory and natura history study of this species. Thirty-Sx
populationsof A. oniciformis have now been recorded. Population sizesrange from 10 to
greater than 10,000 individuas. Twenty-nine of the thirty-six populations from previous
studies were located and studied by Maoseley and Popovich. The seven remaining
popul ations have not been rel ocated since 1984 and are considered historical populations.

None of these historical populations are known to be extirpated (Moseley and Popovich,

1995).



The populations of A. oniciformis are spread throughout Lincoln, northern
Minidoka, and southern Blaine Counties, Idaho. However, in the eastern portion of its
range, severa populations are separated from the centra populations by the Minidoka
Flow, an inhospitable, eight mile wide, basdltic lavaflow. Thisflow has been dated at
3600 years and is too young for erosiona or depositiona processes to form suitable
habitat for A. oniciformis. In the western portion of its range, two populations, located
5.8 to 6 miles west of Shoshone, are historical and their current status is unknown
(Mosdley and Popovich, 1995).

Astragalus oniciformisis a prodrate, caulescent perennid herb that establishesin
disturbed sandy areas or sandy, aeolian pockets on basdltic lava flows (Barneby, 1964).
Throughout its range it occurs with Artemisia tridentata Nutt. var. wyomingensis (Beetle
& Young) Welsh and Hesper ostipa comata (Trin. & Rupr.) Barkworth. It isfrequently
found within open grassy areas of previoudy burned patches among Artemisia scrubland,
rather than in the understory of late serd Artemisia stands. Astragalus oniciformis
prefers stabilized sandy pockets and open areas and has never been found in unstabilized
sand dune environments (Mosdley and Popovich, 1995). The sandy soils that A.
oniciformis inhabits overlie an extendve series of basdtic lava flows that have erupted in

this region over the past 750,000 years. In the eastern portion of itsrange, A. oniciformis
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populations are found in aeolian deposits on and surrounded by basdlt flowsranging in age
from 3600 to 12000 years. These flows originated in the Crater of the Moon Lava Field
(Mosdley and Popovich, 1995).

In his monograph of the genus Astragalus, Barneby (1964) placed A. oniciformis
in Section Misdlli, agroup of xerophytic taxa native to the western United States and
montane regions of centrd Mexico. Astragalus oniciformis was placed in this section, in
part, based on the presence of free stipules (Barneby, 1964), afeature that Barneby
frequently used to segregate species of Astragalus.

Astragal us mulfordae Jones was dso sampled in this study. Closdly resembling
A. oniciformis, A. mulfordae has fused stipules. Based on this feature, Barneby placed it
into Section Neonix. Astragalus mulfordae is distributed from southeastern Oregon to
southwestern Idaho and is not sympatric with A. oniciformis, dthough it is dosdy related
(Barneby, 1964). Astragalus mulfordae wasincluded in this study as an outgroup and to
determine the utility of the ISSR process among species in Astragalus

I nter-simple sequence repeet (1ISSR) markers have recently become widdy usedin
popul ation studies because they have been found to be highly variable, to require less
investment in time, money and labor than other methods (Wolfe and Liston, 1998), and to
have the ability to be inherited. (Guptaet d., 1994; Tsumuraet d., 1996). Random

amplified polymorphic



DNA (RAPD) markers, are arelated and more widdly employed, genetic method.
Expression as dominant markers, homology problems related to bands of equal length,
weak bands remaining unobserved due to artifacts of DNA visudization methods, and
minor deviaionsin experimenta protocols yidding different results are afew of the
limitations shared by these two molecular methods (Wolfe and Liston, 1998). ISSRs,
however, are more robust than RAPDs due to using longer, anchored primer sequences
(Wolfe and Liston, 1998).

Typicaly 1SSRs have been used in studies using cultivated speciesfor producing
of genetic linkage maps and determining the relatedness of lines of agriculturdly important
species. In producing genetic linkage maps, |SSRs have limited gpplication. Nine of
forty-nine ISSR fragments produced by 33 primers were successfully mapped on a
regtriction fragment length polymorphism (RFLP) linkage map of wheat. These fragments
were shown to be distributed over five different chromosomes (Kojimaet d., 1998).
ISSRs have been more widdy used in determining the relatedness and variability of lines of
cultivars or finding the most closely rlated native plant species. For example, in Sorghum
bicolor ssp. bicolor (Poacese), 81 lines representing al five races were andyzed usng
RFLP, RAPD and ISSR primers. Four ISSR primers produced 49 markers with arange

of eght to nineteen polymorphic
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bands. ISSR markers done were able to distinguish dl 81 lines (de Oliveraet d., 1996).

In the cultivated species, Pandor ea pandoreana and Pandor ea jasminoides
(Bignoniaceae), | SSRs were used to determine relationships of 13 cultivars. Sx ISSR
primers yielded 112 polymorphic bands from atota of 118. These data combined with
395 bands from a RAPD anaysis were used to produce a genetic distance dendrogram of
the 13 cultivars. The cultivars were separable into two groups (genetic distance = 0.7) that
represented cultivars of P. jasminoides, a gpecies endemic to eastern Audtraia, and P.
pandoreana, a species that ranges from northeastern Audtraliato New Guinea (Jain et d.,
1999).

I SSRs have dso been used to determine the genetic diversity and origin of the last
aurviving individuas of Sophora toromiro (Fabaceae), atree endemic to Rapa Nui (Easter
Idand) that has been extinct in the wild since 1960. Forty-three samplesof S. toromiro
and eleven samples of other related species of Sophora were taken from live treesin
botanica gardens and private collections from throughout the world. Three ISSR primers
produced 24 bands. Fifteen of those bands were present in S toromiro. Twenty-one
bands were present in the other Sophora species, of which 12 weredso presentin S,
toromiro. Ingenerd 1SSR markersin this species showed alower leve of resolution than

RAPD data. Two trees thought to be



S toromiro were conclusvely identified as S. microphylla with these molecular data,
eliminating these two trees as possible sources for seed for reintroduction purposes
(Maunder et d., 1999).

In other sudies, ISSRs have been successful in distinguishing between subspecies
of Plantago major (Plantaginacese), a cosmopoalitan species (Wolff and
Morgan-Richards, 1998), in determining the closest native species related to the hexaploid
I pomoea batatas (Convolvulaceae; sweet potato; Huang and Sun, 2000), and in
determining the levels of genetic variation between sympatric species of Alnus (Betulaceae)
in Ity (King and Ferris, 2000).

| SSRs have dso been indrumentd in determining variability and correcting
misdentifications in large germplasm collections (Fang et d., 1997; Gilbert et d., 1999;
Lanham and Brennan, 1999; Charters and Wikinson, 2000).

Severad population-level sudies have also used ISSR markers. 1n an octoploid
clona species native to Ohio, Calamagrostis porteri ssp. insperata (Poaceae), three
ISSR primers produced 67 bands. Polymorphic loci ranged from 10.4% to 20.7%.
Similarity among populations ranged from 0.712 to 0.757 (Esseiman et ., 1999). In
contrast, an andyss of Saxifraga rivularis (Saxifragaceae) from Gregt Britain yidded few

polymorphic bands. Four



primers were used and only one was polymorphic. An additiona band was represented
only in collections from lcdland (Hollingsworth et d., 1998).

Differencesin levels of polymorphism can exist between ISSR and dlozyme data
(Esselman et d., 1999), between ISSR data and cpDNA redtriction site analyses (King
and Ferris, 2000), between ISSR and RAPD data (Jain et d., 1999), and between AFLP
and ISSR data (Arcade et d., 2000). These can result in different estimates of diversity
within and among populations and species. |SSRs can generate higher percentages of
polymorphic loci than other methods (Esselman et d., 1999). In comparative studies,

I SSRs have been shown to be as relidble and be as geneticdly informative as RFLP
analyses (Nagaoka and Ogihara, 1997; Huang and Sun, 2000).

Based on the low cog, the ease of experimentd replicability, and the robust nature

of the method compared to others, ISSR markers were sdected to determine the levels

and digribution of genetic differentiation among populations of Astragalus oniciformis.



MATERIALS AND METHODS

From the 36 known populations of A. oniciformis, populations from throughout the
range of the species were sdlected for sampling. Eight populations were sampled for atotal
of four population pairs (Figure 1 and Figure 2; Table 1). Population inventory data were
based that found in The Conservation Status of Picabo Milkvetch (Astragalus
oniciformis Barneby). The population pairsranged from 5to 16 km gpart. Aninitid
collecting survey (J. Alexander, A. Liston, S. Popovich) was conducted in the late spring of
1999. From the northern portion of the range, populations from Ditch Spring (DS) and
Silver Creek (SC) were sampled. From the central portion of the range, a population near
Lower Thumb Reservoir (LTR) and a population within the Wilderness Study Arealll
exclosure near Squaw Buitte (SB) were sampled. A population (SD) from the southern
portion of the range, located in sand dunes 7.5 miles east of the town of Dietrich, was
sampled. Steve Popovich collected the remaining samples. a population located southwest
of Crater Butte (CBS), and the rift populations, Gresat Rift #2 (GR2) and Mule Butte (MB)
(Moseley and Popovich, 1995).

A population of Astragalus mulfordae in Maheur County, Oregon was dso

sampled during the origind survey (Table 2).
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15
Fifteen individuas from each population, for atotal of 135 samples, were used for
ISSR anadlyses. Between 20 and 80 mg of leaf materid was collected from each individual.
Leaf sampleswere air dried and then stored at -20° C until the DNA was extracted.
Genomic DNA was extracted and purified using the DNeasy Plant Mini Kit (QIAGEN,

Chatsworth, CA).



17 pl of reactants were used to complete all ISSR reactions. Aninitid 8.5 pl buffer
solution was crested using 1.85 pl of ddH,0, 1.02 pl of 25 mM MgCl, (Promega, Madison,
WI), 0.53 pl of an equa mixture of 2.5 mM dATP, dCTP, dGTP, and dTTP (Epicentre,
Madison, WI), 1.7 pl of 10X buffer (Promega), 3.4 pl of 10X enhancer containing Betaine
(Epicentre). 5.3 pl of ddH0, 1.0 pl of 10X BSA, 1.0 pl of primer (.00667 nmoal), 1.0 p
template DNA (20-40 ng), and 1 unit of Taq polymerase (Promega) were added to the
buffer solution to complete the reaction mixture. Primer sequences were obtained from the
Univergty of British Columbia (UBC) Biotechnology Laboratory (see Tsumura et d., 1996).
All primers used in the find analyses were prepared by Life Technologies (Rockville,
Maryland) based on UBC sequences. ISSR reactions were loaded in 96 well PCR plates
while on ice and PCR was performed in a MJ Research (Watertown, MA) PTC-100
Thermocycler. Theinitid denaturation step was st to run for 1 minute at 94°C. Then 34
cycles of 45 seconds at 94°C, 30 seconds at 50°C, and 2:05 at 72°C wererun. Thefind

extenson sep wasrun for 5 minutes a 72°C. PCR

16
products were analyzed in 1.5% agarose gel's and stained in an ethidium bromide solution on
an orbita shaker.

Two samples from a single population were used for initia primer screening. Band

sizeswere estimated using 100 bp ladder (NEB, Beverly, MA). Loci were named based on



the primer used and estimated band size. Duplicate reactions were run for dl 1ISSR analyses
to determine the replicability of banding patterns.

All genetic analyses were run on both primers separately and together to determine
the contribution of each to the combined genetic results.

Bands were scored based on presence or absence (See Figure 3 and Figure 4 for
examples of gel photographs). Number of polymorphic loci, measures of the distribution of
genetic diverdty, Nei:s genetic identity (h) (1973), and Shannon index of phenotypic
diversity (1) (King and Schaal, 1989) were computed with PopGene32 (Yeh et d., 2000)
assuming dl loci were dominant and in Hardy-Weinberg equilibrium. An unbiased genetic
identity matrix (Nei, 1978) using al populations of A. oniciformis and the single population
of A. mulfordae was generated by PopGene32 and used to created a UPGMA
dendrogram using NTSY Spc 2.02 (Rohif, 1997).

Measures of population level genetic differentiation were determined using a
hierarchicd analysis of molecular variance (AMOVA; Excoffier et a, 1992) computed with

Arlequin 1.1 (Schneider et d., 1997) which assumes these
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data are haplotypic. For the estimation of genetic distances between populations, a pairwise
population F¢ matrix was generated by Arlequin 1.1 and an unbiased genetic distance matrix
(Nei, 1978) was generated by PopGene32. Geographic distances were measured based on
the latitude and longitude coordinates of the populations of A. oniciformis. Coordinates
were obtained for four populations (DS, SD, LTR, and SB) usng a Magdlan (San Dimas,
CA) Tralblazer XL commercid globa postioning system (GPS) unit. Coordinates for the
other populations were converted from Township, Range and Section (TRS) data obtained
from Mosdley and Popovich (1995) to latitude and longitude usng TRS-data
(http://WWW .esg.montana.edu/gl/ trs-data.html). Population coordinates were then
imported as a point Shapefile into ArcView GIS 3.2 (Environmenta Systems Research
Ingtitute, Inc., 1999) and geographic distances between populations were measured within a
View. The population pairwise Fg matrix, Ne-s unbiased genetic distance matrix, and
geographic distance matrix were used in NTSY Spc 2.02 for the Mantdl Teststo determine if
population level genetic distances and geographic distance are correlated.
Correlation between the pairwise F4 and unbiased genetic distance matrices,
between the pairwise F4 and unbiased genetic identity matrices, and between Nei diversity
(h) and Shannon diversity (1) were conducted in SY STAT for Windows ver. 6.0 (SPSS,

Inc., 1996).
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Edtimation bias can lead to the overestimation of parameters by as much as 5% in the
dominant marker data produced by RAPD and ISSR andysis (Lynch and Milligan, 1994).
To reduce this bias, Lynch and Milligan (1994) proposed pruning any locus with aband
frequency of higher than 1-(3/N), where N is the number of individuds sampled. This
pruning procedure was implemented with the A. oniciformis data set prior to the genetic
anayses.

Loci in Primer 818 and 841 for al populations of A. oniciformis and for the sngle
population of A. mulfordae were tested for sgnificant Sngle population linkage disequilibria
(Waeir, 1979) and Ohtarstwo locus analysis of population subdivision (1982, 1982a; both
tests for linkage disequilibria) using PopGene32.

PAUP* for Windows ver. 4.0 beta 6 (Swofford, 2001) was used to assess the
relaionships among individuals of A. oniciformis and A. mulfordae usng cladistic

methodologies.
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RESULTS

From aninitid anaysis of 100 UBC ISSR primers, the presence of multiple bands
was found in 27 primers. Table 3 shows the primers that produced single bandsin A.
oniciformis and Table 4 shows the primers that produced multiple bands. From the
subset of primers that produced multiple bands, reactions using two individuas from two
populations were run to test for band replicability. Eight primers had bands that had a
high degree of replicability. These eight primers were then run with asingle individua from
each of four populations with replicates. Two primers were then selected for the genetic
andyses, UBC-818 and UBC-841. These two primers produced multiple, clear, and
replicable bands that had a degree of heterogeneity across populations (Figures 3 and 4).
A table of the raw datafrom A. oniciformis and A. mulfordae can be found in Appendix
A. A ligt of the primer sequences and band Sizes can befound in Table 5. In A.
oniciformis, UBC-818 yidlded 28 putetive loci dl of which were polymorphic.
UBC-841 yidded 12 putative loci dl of which were polymorphic (Table 6). Locus
841-775 was diminated from the genetic andyses due to a Sgnificant linkage disequilibria

existing between it and 841-475 (see linkage disequilibria results below).
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Cdculated dlde frequencies and gene diversity statistics for A. oniciformis and
A. mulfordae can be found in Appendix B.
Twenty-three loci were present only in A. oniciformis, eighteen from UBC-818
(frequency = 0.0042-0.3675) and five from UBC-841 (frequency = 0.0042-0.0710).
In Astragalus mulfordae, UBC-818 yielded 11 putative loci dl of which were
polymorphic except 818-400. UBC-841 yidded 12 putative loci dl of which were

polymorphic. Six loci were present only in A. mulfordae, one from UBC-818 (frequency



= 0.0339) and five from UBC-841 (frequency = 0.0339-0.2697) . Locus 841-775 and
841-475 were not linked in A. mulfordae.

In Astragalus oniciformis and A. mulfordae, loci of band size lower than 400
were eliminated due to having an incomplete data set of theseloci. Runsaslong as 12
hours a 70 valts in the electrophoresis rigs are needed to resolve these bands. Many of
the first gedlswere run for only 3 to 3.5 hours at 130 volts. Thelonger runsin the gd rigs
were ingtituted so bands within 25 bp of each other would be further apart to make
scoring easier.

The number of polymorphic loci within each population and thelr diversity indices
varied depending upon whether the primers were analyzed separately or together. Ina
combined andysis (Table 7 and Figure 5), SD had the highest number of polymorphic
loci, 28 (h = 0.1856, | =0.2895). MB and SB were the most depauperate, with 19 and

21
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polymorphic loci, respectively (MB: h = 0.1412, | = 0.2182; SB: h=0.1189; | =
0.1949). Theandysisof primer 818 (Table 8 and Figure 6) showed that DS had 23
polymorphic loci (h = 0.2339, | = 0.3596) and SD had 21 (h = 0.2043, | = 0.3145).
LTR had the lowest, having 14 polymorphic loci (h = 0.1396, | = 0.2172). The andyss
of primer 841 (Table 9 and Figure 7) showed that CBS and LTR both had 9

polymorphic loci (CBS: h = 0.1545, | = 0.2571; LTR: h=0.1421, | = 0.239). DS,



!
Big
i

nnmgs ws
=aibad 0 i

GR2, and MB had the lowest number of polymorphic loci, 4 (DS. h = 0.061, | = 0.1058;
GR2: h=0.0982, | =0.1512; MB: h=0.061, | = 0.1058).

Ne diversity (h) and Shannon diversity (1) were highly correlated (r=0.9957,
p=0). Unbiased Nei distance and genetic distance as estimated by pairwise F« vaues
were negatively corrdated (r=-0.7751; p=0) and unbiased Ne identity and the pairwise
F« values were negatively correlated (r=-0.8275; p=0).

On an UPGMA dendrogram based on a Nei=s (1978) unbiased genetic identity
matrix, no populations with a separation of less than 25 km were grouped as most smilar
(unbiased genetic identity = 0.9691-0.9856). Two of the most distant populations were
nearly identica, the rift population, MB, and the southwestern- most population, SD
(unbiased genetic identity = 0.9902). A. mulfordae (SHS) was the most geneticaly
different population sampled in this study (unbiased genetic identity = 0.9544; Figure 8).

An
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UPGMA dendrogram based on a Nei=s (1978) unbiased genetic distance matrix showed
the same relationships (Figure 9). A pairwise F UPGMA dendrogram was aso
generated with NTSY Spc (Rohlf, 1997; Figure 10).

AMOVA andyses of the combined 818 and 841 data (Table 10) found that

88.69 percent of the variation was sgnificantly attributed to the variation within
populations (p = 0) and that differentiation between the rift populations and the western
populations was inggnificant (p = 0.97) The resultsfor the separate AMOVA analyses
of Primers 818 and 841 have smilar results (Table 11 and Table 12). These results also
suggest that the rift populations and the western populations are not sgnificantly
differentiated.

The percent deviation from Hardy-Weinberg equilibrium due to population
subdivison (G«) and estimated gene flow between subpopulations per generation of
sampled A. oniciformis populations (Nm) were nearly equd, whether the primers were
analyzed combined or separately (G=0.113-0.1134, Nm = 3.91-3.93; Table 6).

The G4 vaues for the combined and separate andyses, are nearly identicd to the

_st vauesin the AMOVA analyses, between 0.112 and 0.118.
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An additiond AMOVA anaysswas performed on the combined A. oniciformis

data and A. mulfordae data, testing whether asignificant
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amount of variation was explained by groups of al A. oniciformis populations and
grouping the sngle A. mulfordae population (Table 13).

A weskly sgnificant (p = 0.1) 17.34 percent of the variation was explained by this
grouping.

UPGMA dendrogram of the unbiased genetic identity (Nel, 1978; Table 14 and
Figure 8) showed that populations MB and SD were nearly identica (unbiased genetic
identity = 0.9925). Thisresult issgnificant snce MB and SD are 67 km gpart, the only
further distant populations are between therift populations, GR and MB, and CBS (82
and 80 km, respectively), and neither are paired as smilar.

A Mantd Test using the geographic distance matrix and Nei=s (1978) unbiased
genetic distance matrix found thet they weekly correlated (t = -0.34809; p = 0.0780;
Table 15 and Figure 11). Another Mantdl Test using the geographic distance matrix and
pairwise F« genetic distance matrix found that they are not sgnificantly correlated (t =
-0.27905; p = 0.1135; Table 16 and Figure 12). Genetic distances among populations
of A. oniciformis are perhaps weakly correlated with respect to geographic distance.

Significant linkage disequilibriawas found to occur between locus 841- 775 and

locus 841-475 (Table 17 and Table 18). Waeir=s single population linkage disequilibria
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test found that most of the populations had a sgnificant linkage disequilibria between these

two loci (corr. = 1; Chi-square
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test, p=0.001). CBS 4till had significant linkage disequilibria between these two loci, but
it was not as strong as in the other populations (corr.=0.6123; Chi-square test, p=0.018).

Ohtas two-locus andlysis of population subdivison (1982, 1982a) showed significant



linkage between these two loci( {D=ST}? = 0.183). Based on these resuilts, locus
841-775 was deleted from dl genetic anayses.

For alocus to be pruned according to Lynch and Milligan (1994) in the A.
oniciformis ISSR data (N=120), the frequency of the band had to be 0.975 or higher.
Since no locus was present at afrequency of higher than 0.88, the Lynch and Mulligan
pruning procedure was not implemented.

In PAUP*, aninitid heurigtic search of the combined 818 and 841 data sets of
both A. oniciformis and A. mulfordae of 100 random addition sequences with TBR
branch swapping stopped during the first addition sequence after the tree buffer filled to
capacity. A set of 10,000 most parsimonious trees of length 397 were recovered. To
find if shorter trees existed, another heuristic search of 10,000 random addition sequences
was performed. Only 25 trees of length 397 or longer were held at each step. The
analysis was stopped at step 5229 when trees no shorter than 394 werefound. A set of
86,959 most parsmonious trees of length 394 were recovered (RI = 0.5956, Cl exdl.

uninf. = 0.1010). Figure 13isasdtrict consensus of the length 394 trees.
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DISCUSSION

The nearly identica _st vaues from the AMOVA andyss and the G vauesfrom
the PopGene32 andysis is evidence that potentid problems arising from the violation of
certain assumptions of the software did not occur. 1SSR studies generdly use the same
software agorithms and methodologies used in this sudy, but very few test their ISSR data
to determine the extent to which the potentid violations bias their results. The andyses used
in PopGene32 assumes that al data are in Hardy-Weinberg equilibrium. Since no
codominant ISSR locus was found and codominant data do not exists for A. oniciformis,

the assumption that the data meets Hardy-Weinberg expectations could not be tested. The



AMOVA procedure in Arlequin assumes the data are codominant and haplotypic. 1SSR
data could cause bias in parameter estimation since | SSR markers are dominant and not
haplotypic. In addition to the identical _st values and G« values, the topology of the
UPGMA dendrograms of the pairwise Fst and Nei-s unbiased genetic distance were nearly
identica, differing only in branch lengths and the grouping of the SB and SC populations
(Figure 8 and 10). The sgnificant correlation between the pairwise Fst values (cal culated
by NTSY Spc) and the Nek=s unbiased genetic distance vaues (calculated by PopGene32) is

aso

encouraging evidence. The two different ISSR primers produced, in separate and
combined analyses, nearly identical results. These results were verified in the AMOVA
anadlyses. In addition, parameter estimation bias can be reduced by the Lynch and Milligan
test, and since no bands in these data were present a a high enough frequency to be pruned,
biasin the A. oniciformis datais low. The data from populations of A. oniciformis
demonstrate the robustness of ISSR markers.

Studies of other species of Astragalus using genetic methods such asisozymes,

AFLPs, or RAPDs have yielded smilar results as |ISSR markers have in A. oniciformis and



A. mulfordae. In anisozyme study among populations of various species of annua
Astragalus, Liston (1992) found that Ne-s genetic identity did not fall below 0.961. The
tight range of genetic identities 0.97-0.99 found in A. oniciformis with ISSR markersison
the high end of the range of vaues reported by Liston (1992).

It can be difficult to compare the ISSR results obtained in this study with Smilar
studies utilizing other methodologies. Karron et a. (1988) compared the genetic structure of
widespread species of Astragal us with endemic species having narrow distributions using
dlozymes Levesof polymorphism were assayed based on 25 individuds from three
populations of each of four species. Twelve loci were sampled in each population. Two

(17%) were polymorphic in A. osterhouti, a species with four known
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populations in Colorado. The highest number of polymorphic loci, four (33%), was found
iInA. linifolius, a species restricted to three populationsin Colorado, and A. pectinatus, a
widespread species. A. pattersoni had an intermediate level of polymorphic loci, three
(25%). In contragt, the Sngle population of A. mulfordae had 96% polymorphic loci, and
al loc were polymorphicin A. oniciformis. Since allozymes and ISSRs produce different
levels of polymorphic loci (Esselman et d., 1999), adirect comparison between A.

oniciformis and the species studied by Karron et d. (1988) is difficult.



The genetic identity of 0.95 between A. mulfordae and A. oniciformisis not
unusud. Liston (1992) found genetic identities between severd annua species of
Astragalus ranged from 0.404 to 0.937. A genetic identity of 0.937 was found between A.
breweri, a species native to serpentine outcrops in the Coast Range of Cdiforniaand A.
tener var. titi, which isfound in a single population on the Monterey Peninsula of Cdifornia
(Liston, 1992). Like A. mulfordae and A. oniciformis, these two annual species are not
sympatric. The genetic identity obtained in this sudy between A. mulfordae and A.
oniciformisislikdy to be inaccurate, snce only one population was sampled. A more
thorough sampling of populations of A. mulfordae will potentidly provide additiond loci in
A. mulfordae that are currently only present in A. oniciformis, aswell as additiond loci

unique to A. mulfordae.
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The dadigtic andlysis of the A. mulfordae and A. oniciformis data, resulted in a
highly unresolved gtrict consensustree. In addition, most individuals of A. mulfordae were
unresolved in alarge polytomy with amgority of the A. oniciformisindividuds. Only one
band clearly differentiated A. mulfordae from A. oniciformis. Band 818-400 was the only
band in this study that was not polymorphic in A. mulfordae and it was present a an

averagelow frequency of 0.227 in A. oniciformis. Thelow leve of differentiation



contributed to the lack of resolution in the cladigtic andyss and the rdaively high genetic
Identity between the species.

Geologic features and habitat restrictions have been documented as instrumenta in
increasing population differentiation in species with limited distributions (Traviset d., 1996).
In Astragalus cremnophylax, a species native to Kaibab Limestone outcrops on the
North Rim and South Rim of the Grand Canyon, genetic differentiation overal among the
populationsishigh, _ (an equivaent of Fg) = 0.44, (Traviset d., 1996) compared to A.
oniciformis Gst=0.113. Gene flow (Nm) islimited for A. cremnophylax, between 0.2 and
0.4 migrants per generation. Gene flow has been proposed only to occur through
pollinators, since geographic barriers (The Grand Canyon) and habitat barriers (16 km of
dense vegetation) prevent seed dispersal. The population sizes of A. cremnophylax ranged
from 2 to 970 individuas, which makes this species extremdy vulnerable to fluctuationsin

climate and habitat
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disturbance (Travis et d., 1996). A. oniciformis has a much wider, continuous distribution,
over 80 km, larger population sizes 10 to >10,000 individuals, and higher estimates of gene

flow (Nm = 3.91 t0 3.93). Thelack of genetic differentiation among populations, especidly



when compared to A. cremnophylax, is adso evidence that a very high gene flow exists
throughout the range of this species.

A widerange of G4 and F« values have been obtained in studies of species of
Astragalus (Table 19). Liston (1992) found that within annual species, G« vaues ranged
from 010 0.725. The highest valueswerefound in A. pauperculus (0.775) and A.
clarianus (0.331), two species with narrow distributions in cismontane Cdifornia The
widespread species had G4 values between 0 and 0.254. The highest F vauesin Karron
et d. (1988) wasfound in A. osterhouti (Fs = 0.14), which in 1988 had atota of 1500
individuals retricted to three populations. Comparatively, A. pectinatus (Fs = 0.02 and
0.05) and A. pattersoni (F¢ = 0.01) are widespread species with lower levels of genetic
differentiation than observed in thisstudy (Karron et ., 1988). A =0.44, found in A.
cremnophylax (Traviset d., 1996), is additiond support that in Astragalus, genetic
differentiation and possibly speciation can occur when population Sze decreases, gene flow
decreases and genetic differentiation among populations increases in endemic species with
narrow digributions. Although Astragalus oniciformis has areatively narrow distribution,

itslarge
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population Szes, numerous occurrences, and high gene flow among populations has resulted
in alow potentia for genetic differentiation.

A number of factors about the characterigtics of the sampled populations could have
had an impact on the genetic andlyses performed in this study.

The type locdity, located near the eastern city limits of Picabo, was not sampled due
to the depauperate condition of the populations. SC was the nearest population to the type
locdity of sufficient Szeto be sampled. The observed habitat fragmentation at the type
locdlity islikely to have some effect on the genetic differentiation of that population. SC was
located in asmal undisturbed patch of Artemisia between severa large private farms. Even

though habitat fragmentation in part does not seem to have affected this pecies genetically



(see discussion of populations MB and GR2 below), habitat fragmentation and low
population size has the potentid to sgnificantly affect the levels of genetic differentiation
among populations (Travis et a., 1996). If decreases population sizes and habitat
fragmentation continues to occur within the northern range of this species, mainly in the
populations around Picabo and Silver Creek, the combination of the two may lead to

genetic differentiation among these populations and populations throughout the range of the

Species.
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One higtorical population (SD) was relocated shortly before the collection survey for
this study, and because it represents the southernmost known population of this species, it
was sampled. This population isthe only onein this study that has not been adequately
investigated.

Therift populations, GR2 and MB, located within a5 mile radius of Mule Butte,
was sampled from the four digunct eastern populations of this species, separated from al
other populations by the eight mile wide, inhospitable Minidoka Flow (Mosdey and
Popovich, 1995). The lack of genetic differentiation between these two populations and the

western populations provides evidence that in A. oniciformis, ether therift populations are



the result of 2 or more recent dispersal events or 3600 years of separation has not caused
ggnificant genetic differentiation between the rift and western populations. Two or more
dispersal events are possible snce MB and GR have different levels of polymorphic loci, are
not grouped as being smilar in the UPGMA dendrograms, and have a genetic identity of
0.9824, avdue in the middle of the range for this species. Gene flow acrossthis
inhospitable boundary has not been completdly ruled out since the life histories of the
pollinators of A. oniciformis have not been studied (Popovich, persona communication,
1999).

The lack of genetic differentiation among populations and the high level of geneflow

within therange of A. oniciformisindicates that current
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threats to this species, plant community changes due to changing fire patterns, habitat
dteration due to livestock grazing, and habitat oss due to agricultura development (Mosdey
and Popovich, 1995) have not effected the genetic diversity of this species. Genetic
differentiation has not occurred despite these disturbances because of the high gene flow and
the numerous, large populations characterigtic of A. oniciformis. In addition, the seed bank
for A. oniciformis can be potentialy large (Pyke, personal communication, 2001), so if

genetic differentiation were to occur, it could be saverd generations before genetic drift is



detectable. Conserving the numerous, large popul ations throughout the range of this species
would be one strategy that would help preserve the high gene flow among populations.

The populations located near Picabo (see Figure 1) near the type locdlity and the
populations dong Siver Creek should not be selected as a seed source for habitat
restoration or enhancement projects for other populations throughout the range of A.
oniciformis. Thelow levels of polymorphism, low population sizes, and the higher potentia
for future genetic differentiation make these populations poor candidates. Populations within
the continuous central and western range of this species are the best candidates for

restoration and enhancement efforts.



LITERATURE CITED

Arcade, A., F. Ansdlin, P. Faivre Rampant, M. C. Lesage, L. E. Paques,
and D. Prat. 2000. Application of AFLP, RAPD, and ISSR markersto
genetic mapping of European and Japanese larch. Theoretical and
Applied Genetics 100: 299-307.

Barneby, R. C. 1964. Atlas of North American Astragalus. Memoirs of the
New York Botanica Garden. vol. 13. The New Y ork Botanical
Garden, Bronx, New Y ork.

Charters, Y. M., and M. J. Wilkinson. 2000. The use of sdlf-pallinated
progenies as>in-groups for the genetic characterization of cocoa
germplasm  Theoretical and Applied Genetics 100: 160-166.

deOliveira, A. C., T. Richter, and J. L. Bennetzen. 1996. Regiona and recia
specificities in sorghum germplasm assessed with DNA markers.
Genome 39: 579-587.

Essdman, E. J, L. Jangiang, D. J. Crawford, J. L. Windus, and A. D. Wolfe.
1999. Clond diversty in the rare Calamgrostis porteri ssp. insperata
(Poacese): compardtive results for dlozymes and random amplified
polymorphic DNA (RAPD) and intersmple sequence repesat (ISSR)
markers. Molecular Ecology 8: 443-451.

Excoffier, L., P. E. Smouse, and J. M. Quattro. 1992. Andysisof molecular
variance inferred from metric distance among DNA haplotypes:
application to human mitochondrial DNA redtriction deta. Genetics

131: 479-491.

62



63
Fang, D. Q., M. L. Roose, R. R. Krueger, and C. T. Federici. 1997.
Fingerprinting trifoliate orange germ plasam accesson with isozymes,
RFLPs, and inter-smple sequence repeat markers. Theoreticd and
Applied Genetics 95: 211-219.

Gilbert, J E.,, R. V. Lewis, M. J. Wilkinson, and P. D. S. Cdigari. 1999.
Developing an appropriate strategy to assess genetic variability in plant
germplasm collections.  Theoretica and Applied Genetics 98: 1125-1131.

Gupta, M., Y. -S. Chyi, J. Romero-Severson, and J. L. Owen. 1994.

Amplification of DNA markers from evolutionary diverse genomes usng
single primers of smple sequence repeets. Theoreticd and Applied
Genetics 89: 998-1006.

Hallingsworth, P. M., M. Tebhitt, K. J. Watson, and R. J. Gornall. 1998.
Conservation genetics of an arctic species, Saxifraga rivularisL., in
Britain. Botanica Journa of the Linnean Society. 128: 1-14.

Huang, J. C., and M. Sun. 2000. Genetic diversty and relationships of

sweetpotato and its wild relatives in Ipomoea series Batatas

(Convolvulacese) as reveded by inter-smple sequence repeset (1SSR) and
redriction Ste analysis of chloroplast DNA. Theoreticd and Applied
Genetics. 100: 1050-1060.

Jain, A., C. Apparanda, and P.L. Bhalla. 1999. Evauation of genetic
diveraty and genome fingerprinting of Pandor ea (Bignoniacese) by
RAPD and inter-SSR PCR. Genome 42: 714-719.

Karron, J. D., Y. B. Linhart, C. A. Chaulk, and C. A. Robertson. 1988.
Genetic structure of populations of geographicaly restricted and
widespread species of Astragalus (Fabaceae). American Journd of
Botany 75(8): 1114-11109.




64
KingL. M., and B. A. Schaal. 1989. Ribosomal-DNA varigtion and
digribution in Rudbeckia missouriensis. Evolution43(5): 1117-1119.

King, RA., and C. Ferris. 2000. Chloroplast DNA and nuclear DNA

vaiation in the sympatric ader species Alnus cordata (Lois.) Duby and
A. glutinosa (L.) Gaertn. Biological Journd of the Linnean Society 70:
147-160.
Kojima, T., T. Nagaoka, K. Noda, and Y. Ogihara. 1998. Genetic linkage map
of ISSR and RAPD markersin Einkorn whest in rdation to that of RFLP

markers. Theoretical and Applied Genetics 96: 37-45.

Lanham, P. G., and R. M. Brennan. 1999. Genetic characterization of
gooseberry (Ribes grossularis subgenus Grossularia) germplasm usng
RAPD, ISSR and AFLP markers. Journd of Horticultura Science and
Biotechnology 74: 361-366.

Liston, A. 1990. An evolutionary study of Astragalus sect. Leptocarpi
subsect. Californici (Fabaceae). Ph.D. dissertation, Claremont
Graduate School, Claremont, Cdifornia

Liston, A. 1992. Isozyme systematics of Astragalus sect. Leptocar pi
subsect. Californici (Fabaceae). Systematic Botany 17(3): 367-379.

Lynch, M., and B.G. Milligan. 1994. Andysisof population genetic
gructure with RAPD markers. Molecular Ecology 3: 91-99




Maunder, M., A. Culham, A. Bordeu, J. Allainguillaume, and M. Wilkinson. 1999.
Genetic diversity and pedigree for Sophora toromiro (Leguminosae): atree
extinct inthewild. Molecular Ecology 8: 725-738.

65
Mosdey, R. K., and S. J. Popovich. 1995. The conservation status of Picabo
milkvetch (Astragal us oniciformis Barneby). Conservation Data
Center, Idaho Department of Fish and Game, and Shoshone Didtrict,
Bureau of Land Management. 21 pp. plus appendices.

NagaokaT.,and Y. Ogihara 1997. Applicability of inter-smple sequence
repeat polymorphismsin wheet for use as DNA markersin
comparison to RFLP and RAPD markers. Theoretical and Applied
Genetics 94: 597-602.

Nel, M. 1973. Andyssof gene diversity in subdivided populations.
Proceedings of the National Academy of Sciences, USA 70:
3321-3323.

Ne, M. 1978. Egtimation of average heterozygosity and genetic distance from asmall
number of individuas. Genetics 89: 583-590.

Ohta, T. 1982. Linkage disequilibrium due to random genetic drift in finite
subdivided populations. Proceedings of the National Academy of
Sciences, USA 79: 1940-1944.

Ohta, T. 1982a. Linkage disequilibrium with the idand mode. Genetics 101:139-155.

Rohlf, F. J. 1997. NTSY Spc: numerica taxonomy and multivariate analyss
system, ver. 2.02. Exeter Software, Setauket, New Y ork.



Schneider, S., J. M. Kueffer, D. Roesdli, and L. Excoffier. 1997. Arlequin: a
software for population genetic data analysis. ver. 1.1. Genetics and
Biometry Lab, Dept. of Anthropology, University of Geneva,

Geneva, Switzerland.

SPSS, Inc., 1996. SYSTAT for Windows. ver. 6.0. Chicago, Illinois.

66
Swofford, D. L. 2001. PAUP*: phylogenetic analyss usng parsmony. ver. 4
beta 6. Sinauer Associates, Inc., Sunderland, Massachusetts.

Travis, S. E., J. Maschinski, and P. Keim. 1996. An anadysis of genetic
variation in Astragalus cremnophylax var. cremnophylax, acriticaly
endangered plant, usng AFLP markers. Molecular Ecology 5:
735-745.

Taumurg, Y., K. Ohba, and S. H. Strauss. 1996. Diversity and inheritance of
inter-ample sequence repeat polymorphisms in Douglas-fir
(Pseudotsuga menziesii) and sugi (Cryptomeria japonica).
Theoretical and Applied Genetics 92: 40-45.

Weir, B. S. 1979. Inferences about linkage disequilibrium. Biometrics 35:
235-254.

Wolfe, A. D., and A. Liston. 1998. Contributions of PCR-based methods to plant
systematics and evolutionary biology. Pp. 43-86 in Molecular Systematics of Plants:
DNA Sequencing. eds. P.S. Soltis, D.E. Saltis, and J.J. Doyle., 2nd ed.
Kluwer, New Y ork.

Walff, K., and M. Morgan-Richards. 1998. PCR markers distinguish
Plantago major subspecies. Theoretical and Applied Genetics 96:
282-286.




Yeh F.C,R. Yang, T. J Boyle, Z.Ye, and J. M. Xiyan. 2000. PopGene32,

Microsoft Windows- based freeware for population genetic anayss. ver.
1.32. Molecular Biology and Biotechnology Centre, University of Alberta,
Edmonton, Canada






